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It is generally accepted that the autologous vein is
the conduit of choice for infrainguinal bypass grafting
particularly onto infrageniculate popliteal or crural
arteries.1 Cumulative secondary patency rates of up to
80% at 2 years for the vein compare favorably with
rates of less than half this figure for prosthetic grafts.2,3
If no suitable vein is available, however, and the
patient requires revascularization to relieve critical
limb-threatening ischemia, the surgeon has little
choice but to use a prosthetic graft. There has been
considerable interest in mechanisms and techniques to
improve the results of such prosthetic grafting.
Graft failure during the first 2 years after implan-
tation results primarily from the development of
myointimal hyperplasia (MIH). When a prosthetic
graft is anastomosed directly onto an artery, MIH
develops preferentially at the heel and toe of the
anastomosis and along the floor of the recipient
artery, opposite the graft.4 Interposition of a vein
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cuff between the prosthetic graft and the native
artery improves graft patency,5-7 and there is evi-
dence that this improvement may be due to reloca-
tion of MIH into the cuff where it is less likely to
result in hemodynamically significant stenosis.8,9
Hemodynamic forces have been implicated in
the pathogenesis of MIH, which seems to develop
preferentially in areas of low wall shear stress (WSS),
whereas high WSS is associated with a reduction in
MIH.10,11 Because the geometry of a blood conduit
has a primary influence on the flow velocity field12
and thus, WSS, it follows that the configuration of
an anastomosis may be a factor in the localization of
MIH. An association between anastomosis geome-
try and MIH has been demonstrated both in patient
observation and in animal experiments.13,14
Previous studies of cuffed anastomoses in vivo and
in laboratory models have revealed specific flow pat-
terns that occur consistently and periodically during the
cardiac cycle.15 It seemed likely that these flow patterns
could minimize areas of low WSS and thus perhaps the
development of MIH, but further experiments were
required to quantify WSS. In this article we present the
findings of a study in which WSS in life-size models of
conventional end-to-side (ETS) and interposition vein
cuff (IVC) anastomoses was investigated.
METHODS
Models of distal ETS and IVC anastomoses were
fabricated with an integrated computer-aided design
and manufacturing system (DUCT5; Delcam Inter,
Birmingham, United Kingdom). Details of this fabri-
cation technique have been reported previously.16 The
models were made of transparent silicone rubber to
allow accurate point velocity measurements to be car-
ried out by means of laser Doppler anemometry
(LDA). Data on the geometry of the anastomoses
were derived from biplanar intra-arterial digital sub-
traction angiograms of actual bypass grafts and from
measurements of internal casts of anastomoses con-
structed in vitro. Both models were life-size, with graft
and recipient artery diameters of 6 mm and 3 mm,
respectively, representing anastomoses to crural arter-
ies (Fig 1). The anastomosis angle was similar, being
11° in the case of the ETS anastomosis and 12° at the
graft-cuff junction in the IVC anastomosis. In both
the ETS and IVC models the floor of the recipient
artery is raised into a slight hump. This is an inevitable
consequence of the diameter mismatch between the
graft and artery. The relatively large perimeter of the
cut-end of the graft in the case of the ETS and that of
the cuff in the case of the IVC causes the arteriotomy
to open out into a wide elliptical shape and results in
the raised artery floor.
The anastomosis model was studied under physi-
ologic conditions of pulsatile flow. Details of the flow
circuit and the pulsatile flow generating system have
been reported previously.17 The input signals
required to drive the flow generator were obtained
from recordings of sonograms in the midgraft region
in patients with IVC anastomoses. The actual flow
waveform used in the experiments is shown in Fig 2.
This was recorded in the graft with a transit-time
ultrasonic flowmeter provided with a 6-mm internal
diameter cannulating flow probe located approxi-
mately 22 cm proximal to the anastomosis. The mean
Fig 1. Computer-generated models of the ETS and IVC
anastomoses.
Fig 2. Plot of flow waveform used in the experiments.
Flow was measured in the graft segment approximately 22
cm proximal to the anastomosis.
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flow rate through the graft was 180 mL/min, which
corresponds to a Reynolds’ number of 192 in the 6-
mm graft (Re = DUρ/µ, where µ is the dynamic vis-
cosity, ρ is the density of the fluid, U is the mean
velocity, and D is the diameter of the graft). The fre-
quency of the waveform was 1.25 Hz, and the
Womersley’s α parameter (α = D/2√[2πfρ/µ]),
where f is the frequency of the pulsatile flow), was 4.6.
The flow ratio through the proximal and distal seg-
ments of the recipient artery vessels could be varied by
altering the outflow resistances. The circulating fluid
was an aqueous glycerol solution containing hollow
glass microspheres with a diameter of 8 µm (Potters
Industries Inc, Valley Forge, Pa) for laser scattering.
The fluid passed through a heat exchanger that was
placed in a thermostatically controlled water bath to
maintain its temperature at 37°C ± 0.5°C.
Velocity measurements were made by means of a
two-component LDA system (Fibre Flow, Dantec
Measurement Technology A/S, Skorlunde, Den-
mark). The refractive index of the fluid was closely
matched to that of the silicone rubber model to mini-
mize the errors in the positioning of the LDA-mea-
suring volume due to refraction of the laser beams at
the solid-liquid interface. A refractive index of 1.41
was achieved by using a 46% (weight per weight) glyc-
erol solution in distilled water to which was added 14%
(weight by weight) sodium chloride. At 37°C, the
dynamic viscosity of the fluid was 3.6 × 10-3 Pas, which
is within the range of that of normal blood, and the
density was 1.11 × 103 kg/m3.
Velocity vector maps were determined in the
midline of the plane of symmetry in each model to
gain information about the overall flow patterns. In
the graft and recipient artery, measurements were
made across the diameter in steps of 0.2 and 0.1
mm, respectively. In the anastomosis region, veloci-
ties were measured in a two-dimensional grid with
1-mm spacing. Velocity data were recorded over 100
complete pulsatile flow cycles, and the data were
then averaged into 5-ms time-bins. Because the
cycle period was 800 ms, each velocity waveform
consisted of 160 points.
The WSS was determined at 1-mm intervals on
the floor of the anastomosis and 2-mm intervals in
the proximal and distal segments of the recipient
artery. At each axial location, velocity data were
recorded over 100 cycles at 25 µm increments from
the wall. The wall shear rate at a given location was
estimated by finding the gradient of the linear fit to
the first 10 measurement points closest to the wall.
The WSS was then obtained by multiplying the wall
shear rate by the dynamic viscosity.
RESULTS
Velocity vectors
Figs 3 and 4 show the velocity vector plots in the
two anastomosis models for flow splits in the recipient
artery (ratio of distal to proximal outflow) of 50:50
and 75:25. Flow patterns are given for five time peri-
ods during the flow cycle as indicated in Fig 2.
ETS anastomosis. At the start of the cycle (t =
40 ms) and during the acceleration phase (t = 150
ms), the flow is laminar with no evidence of sec-
ondary motion except at the entrance to the proxi-
mal outflow artery (near the anastomosis heel),
where the velocity vectors have dominant radial
component. There is a stagnation point on the anas-
tomosis floor where the flow divides into the distal
and proximal outflow segments. As the flow reaches
its peak value (t = 210 ms), a region of low velocities
can be observed along the graft hood, particularly in
the case of a 50:50 flow split. During the decelera-
tion phase (t = 300 ms) the flow separates from the
graft hood at the point “S” and reattaches at point
“R” near the toe. Fluid along the hood between
these two points moves in an antegrade direction. In
the case of a 75:25 flow split, no flow separation was
observed. The position of the stagnation point on
the floor of the artery can also be tracked on the
flow visualization images. During the acceleration
phase of the cycle, it is located approximately 8 mm
distal to the heel, but during deceleration it moves
slightly more proximally, to between 6 and 7 mm
from the heel. The velocity profiles are slightly
skewed toward the outer wall because of the curva-
ture of the graft proximal to the anastomosis. In the
outflow vessels, the velocity profiles are skewed
toward the artery floor, more so in the proximal seg-
ment where marked asymmetry remains 12 mm
from the heel.
IVC. At the start of the cycle, the velocity vectors
indicate that there is little secondary flow. Although
the velocities along the proximal wall of the cuff are
particularly low, there is no evidence of actual flow
separation. The flow division point on the artery
floor is situated about 5 mm from the toe of the cuff-
artery anastomosis. As the velocity increases through
the graft, the fluid enters the cuff diagonally toward
the distal wall of the cuff causing the main flow
stream to separate, forming a small vortex at the
proximal half of the cuff. At the toe of the graft-cuff
anastomosis, there is a region of recirculation with
the fluid circulating in a clockwise direction. At peak
flow, the high momentum of the fluid entering the
cuff at a shallow angle leads to an increase in the flow
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separation region. This continues to grow as the flow
decelerates, forming a relatively strong and coherent
vortex centered about 5 mm from the distal cuff wall.
The increased size and strength of the vortex shifts
the flow division point on the artery floor distally to
about 1.5 mm from the toe of the cuff-artery anas-
tomosis. During diastole, most of the cuff is occupied
by the vortex. Although the circulation velocity is
significantly reduced, it remains as a coherent struc-
ture until the arrival of the next cycle.
The velocity profiles in the graft are skewed
toward the outer wall, whereas at the entrance to the
outflow artery segments, they are skewed toward the
artery floor. In the proximal segment, the profiles
become symmetric about 12 mm from the heel of
the cuff-artery anastomosis. In the case of the flow
split of 75:25, the velocity profiles are skewed
toward the upper wall of the distal artery after the
initial downward tilt.
Wall shear stress
The plots of mean WSS on the floor of the
anastomosis and the upper wall of the distal and
proximal outflow segments of the recipient artery
are shown for flow splits of 50:50and 75:25 in the
ETS (Figs 5 and 6) and IVC (Figs 7 and 8) anas-
tomoses. The outline of the anastomosis is drawn
on each figure as dotted lines. Velocity in the
antegrade direction is considered to be positive,
and consequently, WSS in the distal outflow is
positive while in the proximal outflow, it is 
negative.
Fig 3. Vector plots in the ETS anastomosis for flow splits (ratio of distal to proximal arterial
outflow) of 50:50 and 75:25 at various times during the flow cycle. Flow separation at S and
reattachment at R occur on the graft hood during the systolic deceleration phase with a flow
split of 50:50.
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ETS anastomosis. The distribution of WSS has
a similar pattern for the 50:50 and 75:25 flow splits.
On the artery floor, WSS was zero at the stagnation
point, 3 mm distal to the apex of the heel. Then,
WSS increased with distance into the outflow seg-
ments reaching relatively constant values of 1.9
N/m2 and 1.6 N/m2 on the floor of the proximal
and distal segments, respectively, in the case of a
50:50 flow split. This compares with a value of 1.02
N/m2 that is calculated assuming Poiseuille flow
(steady flow and fully developed velocity profile).
With a flow split of 75:25, the corresponding WSS
values were 0.9 N/m2 and 2.4 N/m2. (Poiseuille
values are 0.51 N/m2 and 1.53 N/m2.) On the
upper wall of the proximal artery, there was a region
of low WSS (between 0.21 and 0.36 N/m2) for
both flow splits, which extended from the apex of
the heel to a point about 3.8 mm proximally. More
proximally, WSS reached a constant value of about
1.8 N/m2. On the upper wall of the distal segment,
WSS initially increased from 1.5 N/m2 at the toe to
1.92 N/m2 4 mm downstream before reaching a
constant value of about 1.6 N/m2.
IVC. The mean WSS distribution in the IVC
anastomosis was generally similar to that in the ETS
anastomosis. The stagnation point on the anastomo-
sis floor was located at 3.5 mm and 5 mm proximal
to the toe of the cuff-artery anastomosis with the
50:50 and 75:25 flow split, respectively. On the
floor of the distal outflow, WSS increased more
steeply than in the ETS anastomosis, reaching a peak
value of 2.4 N/m2 2 mm from the toe before drop-
ping gradually to about 1.8 N/m2 in the case of a
50:50 flow split. In the case of a 75:25 flow split, the
corresponding values were 3.4 N/m2 and 2.6
N/m2. On the proximal artery floor, WSS reached
Fig 4. Vector plots in the IVC anastomosis for flow splits (ratio of distal to proximal arterial
outflow) of 50:50 and 75:25 at various times during the flow cycle.
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comparative values to those in the ETS anastomosis.
The main differences occurred on the upper wall of
the outflow segments. In the distal outflow, there
was an initial rapid decrease in WSS at the toe with
the minimum value at 2 mm from the toe. In con-
trast to the ETS anastomosis, WSS at the heel was
initially high, but leveled off within 2 mm into the
proximal outflow to values similar to those on the
artery floor.
DISCUSSION
Although the mechanisms for the development
of MIH in bypass grafts are not fully understood,
there is evidence that hemodynamic forces are
involved. Low values of mean WSS have been asso-
ciated with MIH in both autologous vein and syn-
thetic bypass grafts.10,11,18,19 The WSS is very diffi-
cult to determine in vivo because of the limitation of
existing clinical instrumentation, and most investiga-
tors have estimated WSS from measurements of bulk
blood flow and the assumption of Poiseuille flow.
Using expanded polytetrafluoroethylene (PTFE)
aortic bypass grafts in a baboon model, Kraiss et al18
found that an increase in mean WSS from 1.1 to 2.4
N/m2 led to a significant reduction in neointimal
cross-sectional area and smooth muscle cell prolifer-
ation. Salam et al11 implanted 4- to 7-mm tapered
expanded PTFE grafts in the carotid and femoral
arteries of dogs. They demonstrated an inverse rela-
tionship between anastomotic neointimal thickness
and the estimated mean WSS at the 4- and 7-mm
ends of the grafts. Their results show that mean WSS
below 0.5 N/m2 is associated with the greatest
increase in neointimal thickness. Whether this value
represents the lower threshold for mean WSS is
unknown. In large arteries, however, the mean WSS
under normal blood flow is maintained over a nar-
row range between 1 and 2 N/m2.20
It has been suggested that temporal and spatial
variation in WSS and periodic reversal of WSS that
are seen on the anastomosis floor may correlate with
MIH.21-23 These gradients in WSS are associated
with the dynamics of the stagnation point. Hazel
and Pedley24 have demonstrated that positional
oscillations of the stagnation point can have a signif-
icant influence on the distribution and magnitude in
mean WSS. Consequently the postulated effect of
WSS gradients on MIH may still be a result of the
distribution of mean rather than temporal and spa-
tial WSS gradients.
There have been several experimental19,22,25,26
and numerical23,27 studies to determine WSS distri-
bution in models of conventional ETS and IVC and
vein cuff15,28 anastomoses. Most of the experimental
studies have been carried out on idealized models
consisting of two intersecting cylinders of equal diam-
eters. Although Loth et al26 used a more anatomical-
ly realistic model similar to that used in this study,
their measurement was limited to steady flow condi-
tions. Their model, with a graft-to-artery diameter
ratio of 1.6, was scaled up by a factor of about nine
times the actual size, and wall shear measurements
Fig 5. Mean WSS distribution in the ETS anastomosis for a flow split of 50:50. The horizon-
tal dashed lines at ± 0.5 N/m2 represent the range of low mean WSS that has been associated
with a high increase in MIH by Salam et al.11
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were made for a flow ratio of 80:20. Recently, Noori
et al28 carried out flow visualization studies and
numerical predictions of velocity profiles and WSS on
the artery floor in models of ETS and IVC anasto-
moses. In their model, there was no outflow through
the proximal artery (flow split of 100:0).
In this study, life-size models of ETS and IVC
anastomoses with a graft-to-artery diameter ratio
of 2, typical of an infrapopliteal bypass graft, were
used. Although the important geometric features
of typical ETS and IVC anastomoses were repro-
duced in this study, a number of simplifications
were introduced. First, the compliance of the vein
cuff and the recipient artery was not reproduced in
the silicone rubber models. Because of the need to
minimize errors to refraction of the laser beams,
the silicone rubber models were made into rectan-
gular block sections with flat external surfaces.16
Fig 6. Mean WSS distribution in the ETS anastomosis for a flow split of 75:25. The horizon-
tal dashed lines at ± 0.5 N/m2 represent the range of low mean WSS that has been associated
with a high increase in MIH by Salam et al.11
Fig 7. Mean WSS distribution in the IVC anastomosis for a flow split of 50:50. The horizon-
tal dashed lines at ± 0.5 N/m2 represent the range of low mean WSS that has been associated
with a high increase in MIH by Salam et al.11
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Consequently, both models had relatively thick
walls, and the compliance was negligible. The per-
centage change in the diameter of lower limb arter-
ies and saphenous vein is of the order of 2% com-
pared with about 0.6% for expanded PTFE
grafts.29 Although the flow field would be affected
by vessel wall motion, this degree of compliance
mismatch is unlikely to lead to significant differ-
ences in the observed flow patterns and WSS in the
recipient artery.30 Second, the fabrication method
used ensured that both models were planar, with
the graft and recipient artery being uniformly cir-
cular and the luminal surfaces smooth. Distortions
of the recipient artery and protrusion of the PTFE
into the lumen have been observed,31 and these
would be expected to alter the flow field and the
WSS. Finally, the fluid used has Newtonian flow
properties, while blood is known to exhibit non-
Newtonian behavior at a low shear rate. It has been
shown, however, that the effect of using a non-
Newtonian fluid on WSS in a carotid artery model
is small.32
Detailed WSS measurements were made in the
recipient artery because the effects of MIH would
be more serious there because of its smaller diame-
ter. If the critical value for WSS is 0.5 N/m2, the
regions where the WSS magnitude is below this
value can be seen to occur at the heel and on the
artery floor near the flow division point in the ETS
anastomosis. Both these regions are known to be
specific sites for the development of MIH. At the
heel, the low WSS region extends 2 mm and 3 mm
(ie, one-artery diameter) from the apex of the heel
for the 50:50 and 75:25 flow splits, respectively. On
the anastomosis floor, the extent of the low WSS was
9 mm and 13 mm for the 50:50 and 75:25 flow
splits, respectively. Although the anastomosis toe is
also a common site for MIH, low WSS below the
critical value of 0.5 N/m2 was not found in the
recipient artery. Velocity vector plots demonstrate an
area of recirculation and therefore low shear stress
on the convex wall of the hood of the graft adjacent
to the graft-artery junction in the ETS anastomosis.
Although, for technical reasons, we have not mea-
sured WSS at this point, we can anticipate that this
will be low and may account for the MIH develop-
ment at this site. One consistent feature was a small
peak in the distribution of WSS between the suture
line and approximately 6 mm into the distal artery
segment.
In the IVC, there was only one region of low
WSS on the anastomosis floor, the extent of which
was 5 mm for the 50:50 split and 12 mm for 75:25
flow split. The other differences, compared with the
ETS anastomosis, are the rapid rise in WSS on the
anastomosis floor distal to the flow division point
and the large drop in WSS on the upper wall of the
distal artery segment at 2 mm distal to the toe of the
cuff-artery anastomosis.
These results suggest that the presence of the
cuff alters the mean WSS distribution within the
recipient artery and removes the area of low WSS
Fig 8. Mean WSS distribution in the ETS anastomosis for a flow split of 75:25. The horizon-
tal dashed lines at ± 0.5 N/m2 represent the range of low mean WSS that has been associated
with a high increase in MIH by Salam et al.11
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at the heel and reduces the extent of low WSS on
the anastomosis floor, particularly in the case of a
50:50 flow split. Although WSS was not measured
within the cuff, the velocity vector plots show that
there are areas of low velocity where WSS would be
expected to be low. These occur at the proximal
cuff wall and at the toe of the graft-cuff anastomo-
sis. In the ETS anastomosis, there is also a region
of low velocity at the graft hood close to the toe.
The velocity vector plots in the IVC anastomo-
sis model are consistent with previous particle 
flow visualization studies, color Doppler ultra-
sound scans, and intra-arterial digital subtraction
angiograms obtained in patients.15 It was proposed
that the presence of the stable and coherent vortex
might be responsible for a redistribution of WSS in
the cuffed anastomosis. The velocity vector data
show that the dynamic vortex that is present from
systole to the end of diastole alters the local hemo-
dynamics in a favorable way. It helps to mix the
fluid within the cuff, entraining fluid into areas of
low velocity at the proximal cuff wall and also caus-
es the stagnation point to oscillate along the anas-
tomosis floor. Analysis of the flow patterns shows
that the vortices appear to be almost completely
suppressed with the arrival of the next cycle. This
implies that fluid particles may not remain in the
cuff for extended periods because they are replaced
by new fluid.
These data support the hypothesis that the ben-
eficial effect of IVC is due to the impact of an alter-
ation in anastomosis geometry on the WSS distribu-
tion at the anastomosis. There is evidence that this
may in turn minimize the development of MIH at
critical points.
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